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ABSTRACT
PHOTOFRAGMENT IMAGING FAST ION BEAMS
MAY 2018
MICHAEL D. JOHNSTON, JR., B.S., COLLEGE OF CHARLESTON
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Ricardo B. Metz

Metal-containing ions have been the subject of much research due to their roles in
catalytic activation and small cluster chemistries. However, they can be difficult to study
both experimentally and theoretically, and new approaches are needed. The goal of the
research described here is to characterize the electronic structures and thermodynamics of
metal-containing ions using gas-phase spectroscopy experiments performed on a
powerful new instrument. Presented in the following chapters are the details of a recently
built velocity map imaging mass spectrometer that is capable of imaging the
photofragments of trap-cooled (≥7K) ions produced in a versatile ion source. This
instrument has been used to study the predissociation of N2O+ produced by electric
discharge as well as the photodissociation of Al2+ and MnO+ formed by laser ablation.
The experimental resolution is currently limited by the diameter of the collimating iris to
a value of Δv / v = 7.6 %. Photofragment images of N2O+ show that when the
predissociative state is changed from 2Σ+(200) to 2Σ+(300) the dominant product channel
shifts from spin-forbidden ground state, N (4S) + NO+(v=5), to a spin-allowed pathway,
N*(2D) + NO+. The first photofragment images of Al2+ confirm the existence of a directly
dissociative parallel transition (2Σ+u ← 2Σ+g) near 23,250 cm-1 that yields products with a
vi

large amount of kinetic energy. The D0 of ground state Al2+ (2Σ+g) obtained from these
images is 138 ± 5 kJ/mol. At higher energy, above 40,400 cm-1, transitions are observed
to a predissociative excited state, which calculations identify as the G 2Σ+u state. The
photodissociation spectrum of the G 2Σ+u ← X 2Σ+g transition in Al2+ gives an average
vibrational spacing of 170 cm-1 for the G 2Σ+u state and ν0 =172 cm-1 for the ground state
(X 2Σ+g). Photofragment images from the G 2Σ+u ← X 2Σ+g transition indicate that once
the Al (4P) + Al+ (1S) product channel is energetically accessible, it dominates the lower
energy pathways despite being spin-forbidden. These images also yield a more precise
D0= 136.6 ± 1.8 kJ/mol, highlighting the improved resolution achieved from imaging at
near-threshold energies. For MnO+, the photodissociation spectroscopy and images from
21,300 – 33,900 cm-1 confirm the theoretical ground state (5Π) and give its bond
dissociation energy (D0= 242 ± 5 kJ/mol). The spin-orbit constant of the dominant
optically accessible excited state (5Π*) in the region is also measured (A=22 cm-1).
Photodissociation from this state is observed to proceed faster than the rotational period
and result exclusively in ground state Mn+ (7S) + O (3P) products. At energies above
30,000 cm-1, the Mn+* (5S) + O (3P) channel becomes the preferred dissociation pathway.
Overall, imaging the photofragments of metal-containing ions can help elucidate their
electronic structures and photodissociation dynamics, providing valuable experimental
benchmarks for these often computationally challenging species.
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CHAPTER 1
INTRODUCTION

1.1 Motivations
The fundamental chemistry of transition metals and metal-containing compounds
has been studied for decades and continues to remain at the forefront of scientific
research as it relates to the catalytic activation of important raw materials and fuel
sources. Many metal clusters, ions and their compounds with main group elements are
known to activate C-H and C-C bonds in alkanes with varying efficiencies. Methane is a
plentiful fuel and feedstock, so its conversion into other chemically useful compounds
like methanol and long chain alkanes is of particular interest. Yet, efficient, large-scale
methane activation remains an elusive goal.
Studies of transition metal catalyzed systems in the solid phase have increased our
knowledge of catalytic chemistry over the years. However, the fundamental interactions
that lie at the heart of these important chemical processes are still poorly defined in many
cases. Unlike in the solid or liquid phases, the bonding in a free gaseous molecule or ion
can be investigated without interference from its neighbors. Thus, gas-phase techniques
like ion spectroscopy or reactions of guided ion beams can be an effective way of
studying isolated interactions without the muddling effects of solvation or bulk phase
phenomena.
More recently, modern quantum theory has been employed to model the
chemistry of potential new catalysts and activation mechanisms. Accurate computational
studies require highly specific mathematical models to generate meaningful results. The
most rigorous computational methods are confirmed by large bases of experimental
1

benchmarks built around the chemical systems of choice. Metal-containing ions have
proven difficult for theoretical approaches because of the many electrons and closely
spaced electronic states that must be accounted for. Unfortunately, accurate and precise
experimental values for these computationally challenging species are often limited due
to the difficulty of studying them. In order to develop more detailed mathematical models
that describe the complex chemistry of catalytic activation, it is necessary to continue to
devise new experimental approaches and techniques that will increase our understanding
of the most fundamental interactions between metal ions, clusters, and compounds.

1.2 Photodissociation Spectroscopy
The fundamental properties that define chemistry are the behavior of electrons.
Understanding how the electrons of a particular species behave when exposed to
electromagnetic radiation or how they behave differently in the presence of another atom
or atoms is key to understanding the chemistry of a particular system. Therefore,
spectroscopy is generally an effective method for interrogating a chemical species of
interest. Perhaps the most fundamental way to describe a chemical bond is by defining its
strength. Physical properties like the bond dissociation energy (D0) offer quantified
definitions of the interactions between electrons and atoms that can be compared to
mathematically derived values as a measure of accuracy. So, in order to experimentally
determine spectroscopic and electronic properties like bond strength, it is helpful to study
how a molecule or ion falls apart when exposed to light; this is called photodissociation
spectroscopy.

2

Photodissociation spectroscopy has been used to investigate the bonding and
electronic structure of many interesting ligated transition metal ions.1-5 It can be used to
gain insight about important properties like excited state energies, vibrational frequencies
and bond lengths. However, this powerful technique’s ability to measure bond strengths
can be limited by the inherent electronic structure of some would-be analytes. For
example, in order to determine an accurate D0 in a typical photodissociation spectroscopy
experiment, the energy of the photolysis laser is slowly increased until dissociation of the
parent ion is observed. The photon energy at which the fragments are first observed is, at
the very least, a rigorous upper limit to the bond dissociation energy. If the potential
energy surface (PES) of the initially excited predissociative electronic state lies partially
within the bound potential of the ground state (Figure 1.1), then the onset of dissociation
is thermodynamic, and the measured bond strength is quite accurate.6 However, many
metal-containing ions do not have electronic structures that conform to this convenient
model.
In some cases, the first optically accessible electronic excited state lies well above
the first onset of dissociation (Figure 1.2). In this example, the photon energy when
fragmentation is first observed only represents an upper limit to the bond strength and the
onset measured is spectroscopic rather than thermodynamic. Precisely defining the D0 by
photodissociation spectroscopy may not be possible for an analyte with such an electronic
structure. However, other important properties like rotational and vibrational frequencies
may still be obtained from the photodissociation spectrum, yielding valuable insight into
the geometry and connectivity of the parent ion.

3

In the final case, the optically excited transition may be to an unbound state
(Figure 1.3). In such a situation, the analyte will absorb over a broad spectral range,
resulting in an unstructured photodissociation spectrum that provides little or no useful
information. Ions that undergo optical transitions to repulsive states at lower energies
may have more spectroscopically useful states at higher energies, near the onsets of
dissociation for electronically excited fragments. Unfortunately, traditional
photodissociation spectroscopy can have trouble differentiating between photoproducts
based solely on internal energy and new onsets may be difficult to identify. It is therefore
necessary to implement complementary techniques that will facilitate the precise
measurement of dissociation energies for the more challenging cases described above.

1.3 Photofragment Imaging
When a singly charged cation absorbs a photon with energy in excess of the bond
dissociation energy, the cation can dissociate, yielding a charged fragment and a neutral
cofragment. If this occurs, the energy that remains after bond breaking must be
partitioned among the remaining degrees of freedom. The fragments can carry away
internal energy in the form of excited rotational, vibrational, and electronic states. They
will likely also depart with some amount of translational motion. If photodissociation
occurs above the energetic threshold to form internally excited fragments, then some
distribution of all the accessible states will be populated. So, for each combination of
populated fragment states, a different amount of energy will remain and be manifested as
kinetic energy.

4

Using this principle, photofragment imaging was developed7 as a twodimensional method to differentiate between the fragments of photolysis events based on
their unique kinetic energy releases (KER). This gives one the ability to measure bond
dissociation energies from transitions to excited states that are well above the initial onset
of photofragmentation. Imaging allows one to compare the state-dependant intensities
and branching ratios of each photoproduct channel, allowing one to investigate an
analyte’s dissociation dynamics and excited state structure far beyond the Franck-Condon
region.8 It can also be used to determine the rate of dissociation relative to the rotational
period of the parent, yielding important information about the behavior of the excited
state in question.
Photofragment imaging has been used to successfully explore the
photodissociation and excited state dynamics of many interesting ions.9 Although, for
reasons that will be addressed later (Chapter 2), it has not yet been widely applied to the
study of metal-containing ions. In Chapter 2, a new fast ion photofragment imaging mass
spectrometer will be presented. This recently constructed instrument has been used to
image the photofragments of a few challenging metal-containing ions. The spectroscopy
and photofragment images of N2O+ are compared to those of other current experimental10,
11

and theoretical12 methods in order to assess the figures of merit of this new instrument.

In Chapter 3, the photolysis of several excited states of the aluminum dimer cation (Al2+)
are investigated. In Chapter 4, the spectroscopy and dissociation dynamics of the
theoretically challenging13, 14 manganese oxide cation (MnO+) are addressed.
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Figure 1.1. Potential energy surfaces depicting photon absorption by a cation (AB+) and
the resulting photodissociation from an excited electronic state (AB+*) near the
photoproduct (A + B+) threshold. The photon energy at the sudden onset of fragment
signal is a good estimate for the bond dissociation energy.

7

Figure 1.2. Potential energy surfaces depicting photon absorption by a cation (AB+) and
the resulting predissociation from an excited electronic state (AB+*) well above the
photoproduct (A + B+) threshold. The onset of fragment signal provides only an upper
limit to the bond dissociation energy.

8

Figure 1.3. Potential energy surfaces depicting photon absorption by a cation (AB+) and
the resulting photodissociation from a repulsive excited electronic state (AB+*) above the
photoproduct (A + B+) threshold. The fragment signal is broad and unstructured,
providing little information.

9

CHAPTER 2
EXPERIMENTAL

2.1 Introduction
Ion imaging has been widely used in the study of photodissociation dynamics
since the technique’s inception in 1987.1 The later advent of velocity map imaging (VMI)
made it possible to measure the energetics and dynamics of bimolecular and unimolecular
reactions with an unprecedented level of precision.2 Subsequent imaging studies of
photoinduced decomposition have been primarily focused on neutral molecules,3
although several cases of ion photodissociation have been reported.4-16 Further
advancements in electronics, detection methods,17-20 and image processing routines21-23
have increased the variety of molecules studied and the quality of data being produced by
the imaging community.24, 25
Imaging experiments aimed at studying the unimolecular decomposition of ions
typically employ resonance enhanced multiphoton ionization (REMPI) to stateselectively prepare the species of interest in a molecular beam. After photolysis, the
fragment ions are projected onto a two-dimensional detector via a series of velocity
mapping optics in order to precisely measure their angular distributions and kinetic
energy release (KER). Many interesting ions have been investigated with some variant of
this arrangement. However, there are countless others that are excluded by it, mainly due
to the selectivity and low yield of the ionization scheme. More specifically, ions that do
not have stable neutral precursors with suitable intermediate electronic states cannot be
prepared by REMPI. With laser ablation, pulsed discharge, and electrospray sources, the
greater resolution of state selective methods is lost in exchange for greater versatility and
10

signal, allowing informative photofragment imaging experiments to be performed on a
host of ions that would otherwise be inaccessible. For example, the photofragments of
Ar2+ and Ag+(benzene) have recently been imaged on a VMI instrument that employs a
laser ablation/spark source.14, 15 In this chapter, we demonstrate a new instrument that is
capable of velocity map imaging the mass selected photofragments of trap-cooled ions
produced in a variety of ion sources.
It is worth noting that the maximum attainable resolution in these fragment
imaging experiments is expected to be lower than techniques that image
photoelectrons.26, 27 The challenges associated with detecting atomic and molecular
photoproducts are a consequence of their comparatively high mass. A less massive
product, like an electron, will depart with greater velocity at a given KER, resulting in a
significantly reduced kinetic energy per pixel term and far less dependence on the
position and velocity spread of the parent.
The experimental scheme described here is the result of a series of augmentations
that have been made to a previously built28 reflectron time-of-flight apparatus. The new
instrument is capable of performing photodissociation spectroscopy and velocity map
imaging experiments on fast ion beams. The ions are created by a dual-mode ion source
and cooled in a refrigerated 3D Paul trap. Photofragment images of N2O+ dissociated in
the UV are presented and analyzed in the later sections in order to demonstrate the
capabilities and initial resolution of the fast ion photofragment imaging mass
spectrometer.

11

2.2 Instrumental
The main components of the instrument (Figure 2.1) are housed in three
differentially pumped vacuum chambers and are described in detail in the following
sections. Ions are generated in the source region before being sent to the trap chamber via
a quadrupole ion guide. Once extracted from the trap, the ions are accelerated into the
final region where they are spectroscopically interrogated. The instrument has two modes
of operation corresponding to two different flight paths, one for photodissociation
spectroscopy and the other for photofragment imaging. In both modes, the analytes are
selected based on their mass to charge ratio in a traditional time-of-flight approach.
Photodissociation spectroscopy is performed by photolyzing the ions at the turning point
of the reflectron and monitoring the photofragments at the corresponding microchannel
plate (MCP) detector (path 1). Imaging studies are conducted by grounding the reflectron
and sending the beam through an offset deflector and iris, to the velocity mapping optics
and imaging detector (path 2).

2.2.1 Ion Source
The multipurpose ion source (Figure 2.2) is designed to switch between laser
ablation and pulsed discharge ionization modes as needed without venting the chamber.
The source may also be outfitted with a separate customized electrospray attachment.28
Metal-containing cations are formed by focusing the second harmonic output of a
Continuum Minilite II (≤ 20 mJ/pulse, 500 μm dia. spot) onto a rotating disc of the
desired metal.29 The metal disc can usually be ablated for ~20 hours (~1.3 million shots)
before it must be polished to improve parent generation. A reactant/carrier gas mix at 20-
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60 psi backing pressure is pulsed at 18 Hz by a solenoid valve (Parker, series 9) into the
ablation block where it intercepts the recently formed plume of hot ablation products. The
metal ions in the plume collide with the carrier gas in a narrow channel (2.5 mm dia.)
over a distance of 13 mm before experiencing a supersonic expansion into the vacuum
chamber.
In order to directly ionize a gaseous precursor, the source can be toggled into high
voltage pulsed discharge mode. In this setup, a pulse of up to 2.0 kV is applied to a thin
wire at the exit of the ablation block just as the gas pulse begins its expansion into
vacuum. Current is conducted through the expanding gas to the grounded wire on the
opposite side of the outlet, ionizing the analyte in the process. Once the target ions have
expanded into vacuum, they are immediately focused through an aperture lens (9 mm
dia.) into the quadrupole ion guide (190 V pk-pk at 2.8 MHz),30 which delivers them to
the trap. A source pressure of 10-2 Torr is maintained by a large mechanical pump
(Alcatel 2060C). The quadrupole chamber bridges the source and trap chambers and is
evacuated by a turbo molecular pump (Edwards EXT255) backed by a mechanical pump
(Leybold Trivac D65B).

2.2.2 Ion Trap
In an imaging experiment, a precise measurement of bond dissociation energy
(D0) comes from applying conservation of energy along with careful accounting. It is
therefore crucial to start with a parent beam whose internal energy is both minimal and
well defined. Unfortunately, difficulty in achieving this end can arise from the use of
laser ablation or HV discharge sources. Such hard ionization techniques tend to generate

13

ions in excited vibrational and electronic states that cannot be effectively cooled to an
equilibrium distribution by an adiabatic expansion into vacuum. In light of this, a cold
trapping scheme has been added. In addition to being a more tractable method of bringing
ions to a user-defined equilibrium temperature, trapping has the added benefit of
improving signal and signal stability. Collecting an ion packet over the entire
experimental cycle prior to extraction tends to smooth out any signal fluctuations that
would otherwise arise from shot to shot timing inconsistencies in the source. This also
makes it possible to image cold ions in large quantities even if they originate from a
continuous source like electrospray.
The execution of our cold trapping strategy (Figure 2.3) is similar to those
reported by Wang et al.31 and Kamrath et al.32 A 3D Paul trap (R. M. Jordan) is attached
to the second stage (≥ 7K) of a closed cycle helium refrigerator (cold head: Sumitomo
CH-204 SFF-N; compressor: Sumitomo HC-4A). A heater cartridge is used to maintain
the desired temperature, which is measured by a silicon diode (DT-670B) on the second
stage that is read by a digital controller (Lakeshore 335). The trap itself is mounted onto
the cold head through a custom adapter made from an oxygen free high conductivity
copper block, a thin sapphire plate (1 mm), and several sheets of indium foil. This
arrangement provides excellent thermal conductivity between the trap and the cold head
while also electrically isolating the trap electrodes from the refrigerator. The trap is
enclosed in custom-made aluminum “can” that is fastened to the first stage (≥ 40K) of the
refrigerator. The can acts as a thermal radiation shield by limiting direct line-of-sight to
the trap from external black body emitters. The entire assembly is mounted onto an
adjustable bellows for alignment.

14

To accommodate the new can and refrigerator, the trap was repositioned to the
center of the chamber, necessitating a complete overhaul of the ion guide scheme. The
old double octupole has been replaced by a single 330 mm long quadrupole, which
improves the overall ion signal by filling the trap more effectively. A cross section of the
occupiable volume in a quadrupole is smaller than that of an octupole, so the ions leave
the quadrupole in a tighter packet. Once the ions exit the ion guide, they are focused into
the trap by a set of aperture and tube lenses that are affixed to the trap’s thermal shielding
and end caps respectively. An RF signal with variable frequency and amplitude (≤ 500 V
pk-pk at 400 - 800 kHz) is applied to the central ring of the trap by a circuit based on the
driver described by Jau et al.33
Ions are held in the trap and allowed to collisionally thermalize with a cooled
buffer gas, which is introduced by a pulsed valve (Parker, series 9) affixed to the bottom
of the thermal shield. The pulsed valve and several metallic tube fittings are in thermal
contact with the shield, increasing the potential of leaks due to daily thermal contraction
and expansion. To counteract this, a Teflon poppet, which maintains some plasticity at
very cold temperatures, is used. Teflon tape is also used to bind the affected ferrules and
tube fittings, effectively filling the small gaps that may form at the metal/metal junctions.
The trapping time is typically set to 50 ms to maximize the number of buffer gas
collisions and minimize the amount of residual gas left in the chamber upon extraction.
Ions enter the trap for ~ 3 ms when the local buffer gas pressure is at its highest. The low
temperatures achieved in the trap necessitate the use of buffer gases with sufficiently high
vapor pressures. Hydrogen (either pure or mixed with He) is typically used because it has
a larger collisional cross section and quenching efficiency than helium. Pure helium is
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typically used if the analyte reacts with hydrogen, as is the case with N2O+ and MnO+.
Oxygen may also be included in the buffer gas mix if it is suspected that low-lying
excited electronic states are populated.
Ions are extracted at 18 Hz in a Wiley-McLaren configuration by a pulsed bipolar
voltage applied to the end caps of the trap. A bipolar extraction ensures that the field lines
seen by the ion packet at the center of the trap are even, thus helping to prevent a
divergent beam.34 The extraction pulse is timed to occur at a zero crossing of the RF
voltage. Upon leaving the trap, the ions encounter a mirrored set of aperture and tube
lenses, which collimate the beam as it approaches the nearby acceleration region. The
trap chamber and the adjacent acceleration region are held at 10-6 Torr by two diffusion
pumps (Edwards Diffstak 160), each backed by a mechanical pump (Leybold Trivac
D8B).

2.2.3 Beam Acceleration and Manipulation
The ion beam is accelerated by -1800 V DC, which is applied to a short section of
the flight tube (110 mm long, 6.4 mm dia.). In order to avoid floating the instrument at
high voltage, the accelerated ions are re-referenced to ground potential.35 The ions enter a
re-referencing tube maintained at -1800 V until such time as the ion packet is fully inside,
when it is summarily pulsed36 to ground. The ion beam is then steered and collimated by
a series of DC deflectors and Einzel lenses. A small opening (10 mm dia.) separates the
trap/acceleration region from the detection chamber, which is kept at 10-7 Torr by two
turbo pumps (Pfeiffer TMU260, Leybold Turbovac 361) backed by a mechanical pump
(Varian SD-450). A pulsed horizontal deflector is used to guide the target ions either to
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the reflectron or to the velocity map imaging optics. This deflector also serves as a mass
gate to prevent cluttering of the mass spectrum at the detector. If photodissociation
spectroscopy is to be performed, the parent ions are directed into a gridless reflectron,
where they are irradiated by the photolysis laser at the turning point (path 1 in Figure
2.1). The photofragments have a characteristic flight time to the detector; it is distinct
from that of the remaining parents’ due to reacceleration by the reflectron.
In order to image the photofragments, a movable stage holding a horizontal
deflector and an adjustable iris is manually raised into the path of the ion beam (path 2 in
Figure 2.1). The horizontal deflector is set to correct for the bend in the ion beam
imposed by the mass gate and to ensure that the beam is coaxial with the velocity
mapping optics as it passes through the grounded reflectron. The diameter of the iris (112 mm) is adjusted in vacuum by a linear actuator (Firgelli PQ12) and the accompanying
software. Passing the ion beam through the small apertures in the iris and in the front
VMI plate (0.7 meters apart) minimizes contribution to the fragment transverse velocity
from the original beam divergence, thereby improving image resolution. While it is
possible to do photodissociation spectroscopy studies at the imaging detector, the
aforementioned apertures greatly reduce the overall signal in comparison to the relatively
unrestricted flight path to the reflectron detector.

2.2.4 Velocity Map Imaging
After the ion packet has been radially constricted by the iris, it enters the velocity
map imaging apparatus (Figure 2.4). The VMI stack consists of three electrically isolated
ion optics spaced by 15 mm. The stack is mounted onto four glass-insulated stainless
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steel posts attached to a flange inside the flight tube. Each optic is a 1.65 mm thick, 90.7
mm diameter steel disc with a hole drilled in the center. The first VMI ion optic (IO1) has
a narrow aperture (3 mm dia.); the openings in the final two are larger (20 mm dia.). As
soon as the ion packet has passed through IO1 (2.14 m from the center of the ion trap), it
is crossed by the vertically polarized output of a pulsed dye laser (Continuum ND6000)
pumped by the second or third harmonic of a Nd:YAG (Continuum Powerlite 8020),
causing some of the ions to dissociate. Concurrently, IO1 and IO2 are charged with
separate high voltage pulses (DEI PVM4150), while IO3 remains grounded. The resulting
field acts as an electrostatic lens (Figure 2.4), reaccelerating and focusing the expanding
fragment cloud onto the imaging detector (1 meter away). The voltages are determined by
simulating ion flight paths in the SIMION software package37 and later adjusting for
improved resolution at the imaging detector. A voltage ratio (IO1/IO2) between 1.02 and
1.10 is typical.
Optimized VMI voltages allow fragments with different points of origin to arrive
at the same radius on the detector as long as they have the same transverse velocity.2 In
typical imaging experiments, the initial speed of the parents is negligible compared to the
velocity gained by reacceleration. However, in a fast ion beam, the original beam speed is
often greater than the secondary velocity gain due to VMI. This key difference means
that the exact voltages being applied to the imaging optics are somewhat dependent on
the mass of the analyte and that the process of simulating and carefully optimizing ion
optics voltages must be undertaken for each new m/z. On the positive side, and for much
the same reason, the cloud of fast ion photofragments is hardly magnified at all by the
VMI lens.
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The imaging detector (Photonis) consists of two MCPs (120 mm dia., 25 μm pore,
32 μm pitch, 2 mm thick, 8◦ bias) in a chevron configuration coupled to a fast phosphor
screen (P47) operating at 4.0 kV. The back MCP is kept at a DC level of -1.5 kV while
the front plate is pulsed from ground up to +700 V for 200-700 ns, creating a voltage
difference of 2.2 kV between the plates that coincides with the arrival of the whole
fragment cloud. The large capacitance of our MCPs does not allow for a detector pulse
that is narrow enough to slice15, 17 a fragment cloud with ~3 keV of kinetic energy.
Therefore, the entire cloud must be mathematically reconstructed after acquisition. The
difference in time-of-flight between the reaccelerated fragments and the remaining
parents is 0.6 μs (NO+/N2O+), sufficient to discriminate against any residual parent signal
in the images. Gating the MCPs narrowly on the fragment signal also allows one to reject
any stray ions with similar arrival times and any dark current background that could
otherwise accumulate over many cycles.

2.2.5 Data Acquisition and Processing
The rear of the fast phosphor screen is monitored by a photomultiplier tube
(PMT) synced to a digital oscilloscope. Composite photofragment images are captured by
a CCD camera (IDS μEye, 1024 x 768 pixels) and compiled on a desktop computer using
NuAcq software.20 The high sensitivity of the PMT allows the discriminated parent signal
to continue to be monitored despite being too weak to be seen by the camera. All
precision timings are controlled by a set of digital delay generators (Stanford Research
DG535). Image reconstruction is done by inverse Abel transform using the BASEX
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method, the advantages of which have been discussed elsewhere in detail.21 Images are
typically averaged over 20,000 to 100,000 laser shots.
The bond dissociation energy (D0) of an ion can be found by measuring the radial
distribution of photofragments in an image and using the corresponding transverse
velocity distribution to derive the total kinetic energy release. Careful energy accounting
is the key to a precise determination of D0. For a non-radiative photodissociation process,
the following is true by conservation of energy:
EParent + hυ = D0 + EFrag + ECofrag + KERtotal

(2.1)

If the parent’s internal energy (EParent) is well defined, and the populated internal states of
the detected fragment (EFrag) and cofragment (ECofrag) are sufficiently separated and
identified, one can measure KERtotal from an image’s radius at a particular photolysis
energy (hυ) to find a precise value of D0. The resolution of a given image can then be
defined as the FWHM of its velocity distribution (Δv) divided by the most probable
velocity (v). The exact value can vary between images of the same analyte because it is
highly dependent upon instrumental variables like VMI voltages, VMI pulse timing, and
ion/laser overlap. The highest resolution we have achieved (Δv / v = 7.6 %) is obtained
from the images of Al2+ fragments, which are discussed in Chapter 3.
Anisotropy in the photofragment image of a linear molecule is dependent upon
three factors: the orientation of the principal molecular axis relative to the direction of the
photolysis laser polarization, the orientation of the relevant transition dipole moment, and
the excited molecule’s dissociative lifetime. For dissociative events that occur faster than
the parent’s rotational period, a parallel transition yields a photofragment image with
greater intensity along the axis that is parallel to the laser polarization vector. Likewise,
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excitation of a perpendicular transition produces an image with intensity along the axis
perpendicular to that of the polarization vector. The intensity distribution of an image is
fit to the following equation:
𝐴

𝐼(𝜃) = 4𝜋 [1 + 𝛽𝑃2 (cos( 𝜃))]

(2.2)

where θ is the angle between the laser polarization vector and a given radial position on
the image. 𝑃2 (cos( 𝜃)) is the second order Legendre polynomial. The value of the
anisotropy parameter (β) ranges from -1 to 2 for images showing the limiting cases of
purely perpendicular or parallel character, respectively. A value of 0 represents a totally
isotropic image for which any information regarding the orientation of the transition
dipole moment has been lost. Radial distribution isotropy usually arises from long lived
predissociative processes but in some cases, it could be due to an unresolved mixing of
excited state symmetry in the parent.

2.3 Preliminary Results: N2O+
In order to evaluate the merits of the new instrument, N2O+ has been prepared by
electric discharge and images of NO+ photoproducts resulting from the bound to bound
Σ ← 2Π transition are reported here and discussed in relation to the current literature.

2 +

N2O+ is made by pulsing a precursor gas mix (10% N2O in He) at 20 psi backing pressure
into the source chamber operating in pulsed electric discharge mode. It was identified as
an early candidate for fast ion imaging because its excited state dynamics have been
studied extensively by theory,38 spectroscopy,39-43 and imaging.11, 44 The D0 of N2O+ is
well known (10,430 ± 160 cm-1),45 so it can be used along with the image radii to
evaluate the spatial resolution of the imaging camera (0.074 mm/pixel). The 2Σ+ excited

21

state of N2O+ predissociates, and the rotationally resolved electronic spectrum has long
progressions and combinations of all three vibrations. When dissociated in the UV, N2O+
shows interesting product state branching tendencies. Only the ground state product
channel (N(4S) + NO+) is energetically accessible from the 2Σ+(200) ← 2Π3/2(000)
transition at ~323 nm (30,914 cm-1). It appears as a wide isotropic distribution centered at
~ 9000 cm-1 total KER (Figure 2.5 top), indicating that the NO+ is produced almost
exclusively in a specific vibrational state (υ=5) with a large degree of unresolved
rotational excitation. The unusually wide peak is evidence that many excited rotational
levels are populated and are contributing to the spread of possible fragment velocities.
The presence of these rotationally hot products can be attributed to the bent geometry of a
4

Π potential energy surface in the parent that the 2Σ+ excited state must ultimately couple

to via spin-orbit interactions during the dissociative process.11, 38 A transition to the next
quantum of symmetric stretch, 2Σ+(300) ← 2Π3/2(000) at ~310 nm (32,238 cm-1), is
energetic enough to access an electronically excited product channel, N*(2D) + NO+. This
new spin-allowed pathway, manifested by the intense inner rings (Figure 2.5 bottom), is
favored over lower energy (spin-forbidden) product formation. The slight perpendicular
anisotropy (β= -0.31) seen in the intermediate ring may indicate that some of the
perpendicular character of the (2Σ+ ← 2Π) transition isn’t fully lost in the predissociative
process. Both the channel switching effect seen at 310 nm, and the vibrational population
inversion seen in the products after dissociation at 323 nm are consistent with previous
studies.11, 40, 41, 43, 44
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2.4 Conclusions
In summary, we demonstrate an instrument that is capable of performing velocity
map imaging (VMI) on the photofragments of cold, mass selected ions in a fast ion beam.
The ions are produced in a dual laser ablation/discharge source and collisionally
thermalized in a refrigerated (≥7 K) ion trap prior to spectroscopy and imaging. The
current limiting resolution of the experiment (Δv / v = 7.6 %) and the factors that
contribute to it have been determined by analyzing the radial distributions of several
photolysis products. Preliminary images of N2O+ support the finding that
photodestruction at 323 nm yields rotationally hot NO+ fragments primarily in υ=5.
Images of N2O+ photolysis at 310 nm reveal the expected competition between spinforbidden ground state product formation (N(4S) + NO+) and a spin-allowed excited state
product channel (N*(2D) + NO+), which is consistent with the published literature. In
Chapters 3 and 4, this instrument will be used to measure the kinetic energy release and
anisotropy in photofragments of Al2+ and MnO+.
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Figure 2.1. Schematic overview of the fast ion photofragment imaging mass spectrometer. Ions are produced in the source (A) and
carried by an RF quadrupole (B) into the refrigerated ion trap (C). After extraction, ions are accelerated (D) and re-referenced to
ground potential (E). A series of horizontal and vertical deflectors (F) guides the ion beam along the desired path. For
photodissociation spectroscopy (path 1, hυ1), the reflectron (H) sends photofragments to the first MCP detector (I). For photofragment
imaging (path 2, hυ2), a mass gate and adjustable iris (G) straighten the beam through to the VMI optics (J). Fragments are projected
onto the imaging detector (K) and observed by a PMT and CCD camera. Sizes and distances are not to scale.
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Figure 2.2. Detail of the ion source in laser ablation mode (top view). The carrier gas is
introduced by a pulsed valve (A) into the ablation block (B), where it entrains the ions
being ablated from the metal disc (C). Ions expanding into vacuum are focused by an
aperture lens (D) into the RF quadrupole (E).
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Figure 2.3. Detail of the refrigerated ion trap assembly. Ions are focused by a mirrored
pair of aperture lenses (A) and tube lenses (B) into and out of the 3D Paul trap (C). The
trap is coupled to the second stage of the refrigerator by a copper adapter (D). A pulsed
valve (E) affixed to the aluminum “can” (F) introduces cold buffer gas to the center of the
trap.
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Figure 2.4. Detail of the velocity map imaging ion optics (IO) showing the equipotential
lines at 30 V intervals for optimized Al2+ settings (Generated using SIMION 7.0). IO1=
+1230 V, IO2= +1200 V, IO3= 0 V.
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Figure 2.5. Raw photofragment images of NO+ made by dissociating N2O+ at 30,914 cm-1
(top) and 32,238 cm-1 (bottom) and their corresponding velocity distributions converted
to total kinetic energy release. Laser polarization is vertical in both cases.
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CHAPTER 3
THE ALUMINUM DIMER CATION

3.1 Introduction
The spectroscopy and dynamics of small metallic clusters has been an active area
of research for several years.1-5 Photofragment spectroscopy has been used to measure the
bond dissociation energies (D0) of several transition metal-containing ions,6, 7 since these
species often have at least one optically accessible excited electronic state near the
dissociation threshold of the ground state.8 In such cases, the observed thermodynamic
onset of dissociation can provide accurate bond strengths.9 However, the electronic
structures of many other metal-containing species are not as accommodating, and the
observed dissociation onset is spectroscopic rather than thermodynamic. If there are no
excited states near D0, the likelihood of finding a more useful electronic transition should
be greater near the dissociative onset to form electronically excited products, since the
overall density of states is higher there. Unfortunately, the photodissociation yield does
not usually increase dramatically when the new product channel becomes accessible,
making new thermodynamic onsets hard to identify.
Imaging the photofragments of ion beams10 enables one to study the bond
strengths and excited state dynamics of the many metal-containing species for which
spectroscopy alone is insufficient. Photofragment imaging allows one to differentiate
between detected fragment states through their unique kinetic energy releases (KER),
making it possible to determine precise values of D0 at excitation energies near higherlying product thresholds. In an imaging experiment, the KER is determined from the
radial spread of ions at the detector, so the resolution of any D0 measurement is improved
32

when imaging fragments with lower KER. For this reason, it is often preferable to image
metallic ions at energies near the first few electronically excited fragmentation onsets.
Excitation energies in this region should be high enough to find a strong near-threshold
transition, but low enough to avoid the more muddled transitions approaching the
conduction band.
As the smallest aluminum cluster, the aluminum dimer represents the most
fundamental system to study in an effort to identify chemical trends associated with
increasing cluster size. Some collision induced dissociation (CID) experiments11, 12 have
measured the bond dissociation energy (D0) of Al2+. It has also been indirectly
determined13 by combining the ionization energies14 of Al and Al2 with a re-evaluated
Knudsen effusion measurement.15 Table 3.1 compares these previously published
experimental values alongside those obtained from selected theoretical works. Of note is
the large discrepancy between the reported CID values. There is very little optical
spectroscopy available in the published literature to benchmark the theoretical bond
strengths and dissociation dynamics. So, it is a primary goal of this study to provide a
more precise, direct measurement of the Al2+ bond strength. Using high-level MRCI
methods, Rosi et al.16 characterized a few excited electronic states in Al2+ with the
potential for experimental confirmation given their high predicted oscillator strengths.
The bound-to-unbound C 2Σ+u ← X 2Σ+g transition is expected to give a broad,
unstructured spectrum, which has been observed in very preliminary experiments.17
Another excited state of particular interest, the so-called G 2Σ+u state, was predicted to
have an unusual double-minimum potential energy surface that would greatly complicate
its spectroscopy.
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In this chapter, we use a combination of photodissociation spectroscopy, ion
imaging, and high-level theory to elucidate the bond dissociation energy and
photodissociation dynamics of the aluminum dimer cation from two excited states. The
nature of the repulsive C 2Σ+u state is investigated and compared with previously
published results. The predissociative G 2Σ+u state is also targeted for photodissociation
because it is expected to lie very close to two exited state photoproduct thresholds,
making it an excellent candidate for a bond dissociation energy measurement.

3.2 Methods
Photodissociation spectroscopy and imaging experiments were performed with
the home-built fast ion photofragment imaging mass spectrometer described in the
previous chapter. Aluminum dimer cations are formed by focusing the second harmonic
output of a Nd:YAG laser (Continuum Minilite II) onto a rotating aluminum disc. A
carrier gas mixture of 10% methane in helium is introduced by a pulsed solenoid valve
(Parker series 9) into the laser ablation block, where it entrains the recently ablated
aluminum ions before expanding into vacuum. The presence of methane in the gas
mixture greatly enhances dimer production.
Theoretical potential energy surfaces for the ground and excited electronic states
of Al2+ below 50,000 cm-1 were generated using multiple approaches. Calculations using
a multireference configuration interaction (MRCI-F12) method with a large basis set
(aug-cc-pVTZ) were performed with an MCSCF active space consisting of the 3s, 3p, 3d,
and 4s orbitals on each aluminum atom. This is a larger active space than was used by
Rosi et al. For comparison, an Equations-of-motion coupled cluster method with full
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electron correlation and a large basis set (EOM-CCSD(Full)/aug-cc-pVQZ) was also
used.

3.3 Theoretical Electronic Structure of Al2+
The MRCI calculated potentials of the electronic ground state and all relevant
excited states below 50,000 cm-1 are shown in figure 3.1. Since one photon absorption
from the X 2Σ+g ground state to other gerade states is forbidden, only ungerade excited
states are shown. For consistency, we have adopted the naming conventions and state
labels that were originally used by Rosi et al. wherever possible.
The MRCI calculations presented here, along with those of Rosi et al.16 predict an
unbound C 2Σ+u excited state with a large transition moment and a vertical excitation
energy around 24,800 cm-1. Saunders et al.18 measured photodissociation of Alx+ (x=2-8)
cluster ions at three photon energies. They observe modest dissociation at 15,486 cm-1,
less at 19,438 cm-1, and none at 28,068 cm-1. These results are inconsistent with the later
simulated and measured absorption spectra of ground state Al2+, potentially due to
dissociation of electronically excited Al2+ (A 2Πu) formed by the sputtering source.
The higher-lying G 2Σ+u state is predicted to have two minima between 35,000
and 40,000 cm-1 with the relative depths of the wells being highly dependent on the level
of theory used. This unusual shape is due to an avoided crossing with the G’ 2Σ+u state,
which is expected to lie very near the vertical excitation from the ground state.
Transitions to the G 2Σ+u state are predicted to be intense and the outer well (longer bond)
consistently has a much higher electronic transition moment than the inner well. Rosi et
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al. predicted that a great deal of complexity would arise in absorption spectra of the G
2 +
Σu

state as a result of this highly anharmonic behavior.
Our calculations suggest that the G 2Σ+u state dissociates adiabatically to Al (2S)

fragments after overcoming a barrier at 5.4 Å, while the prior work predicts that the G
2 +
Σu

state correlates to higher energy products. This highlights a key difference between

the calculations presented here and the earlier results of Rosi. The earlier study doesn’t
include the 2Πu state seen here just below G 2Σ+u or any excited potential energy surfaces
that correlate to the Al (2S) channel. These discrepancies are almost certainly due to the
smaller (3s, 3p) active space employed. Today, of course, the computational burden of
running a larger (3s, 3p, 3d, 4s) MCSCF active space is not as prohibitive as it was in
1991.

3.4 Photodissociation Spectra of Al2+
The photodissociation spectra of Al2+ from 20,000 – 23,800 cm-1 and 38,500 –
42,000 cm-1 were recorded by monitoring the production of Al+ fragments while slowly
scanning the photolysis laser energy (step size = 0.02 nm). The final spectra are the
average of several scans, which have been corrected for fluctuations in laser power and
changes in parent (Al2+) intensity over time.
As expected, Al2+ absorbs broadly from 20,000 – 23,800 cm-1 due to the C 2Σ+u ←
X 2Σ+g transition. The peak of fragmentation signal in this region is near 23,250 cm-1. The
38,500 – 42,000 cm-1 spectrum (Figure 3.2), which results from the G 2Σ+u ← X 2Σ+g
transition, is structured and quite complicated. As the transition energy is increased,
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broad peaks of low intensity eventually give way to much sharper and higher intensity
features.
The G 2Σ+u state is predicted to be the dominant optically accessible electronic
state in this energy region; it is a fully allowed transition from the ground state (X 2Σ+g).
Only minor contributions from other nearby excited states (2Πu and G’ 2Σ+u) are expected.
As predicted, the spacings and amplitudes in the observed vibronic progression are quite
anharmonic, making the spectrum difficult to characterize precisely. However, scans at
various temperatures and the corresponding simulated spectra have helped us identify
several transitions that originate from υ” = 0 and υ” = 1 in X 2Σ+g, thus allowing us to
measure the ground state vibrational fundamental υ0 = 172 cm-1. Our value compares
favorably with the resonant two photon ionization measurement of Harrington and
Weisshaar14 (ωe = 178 ± 8 cm-1) and the harmonic frequencies calculated by Kiohara et
al.19 (ωe = 171 cm-1), Rosi et al.16 (ωe = 173 cm-1), and Bauschlicher et al.20 (ωe = 169
cm-1). The average spacing between vibronic transitions to G 2Σ+u originating from X 2Σ+g
(υ” = 0) is ~170 cm-1, which is in good agreement with Rosi’s harmonic frequency for the
outer well of G 2Σ+u (ωe = 177 cm-1), especially considering how dependent the nature of
the G 2Σ+u state is on level of theory used.
Using the G 2Σ+u ← X 2Σ+g band, we estimate the integrated oscillator strength as
f = 0.0039. This is surprisingly low for a fully allowed bound-to-bound transition, which
suggests the existence of an alternate energy disposal process, specifically fluorescence.
The likelihood of a competing fluorescence process is supported by the short
fluorescence lifetimes calculated by Rosi et al.16 The authors report lifetimes on the order
of 1 ns for G 2Σ+u (υ = 10-14), vibrational wavefunctions which are predicted to sample
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the high oscillator strength of the outer well. A potential competition between emission
and dissociation pathways is another complicating factor in the photodissociation
spectrum of G 2Σ+u ← X 2Σ+g as the relative probability of either event occurring would
be highly dependent on the specific vibrational state being populated in G 2Σ+u. This
suggests that laser-induced fluorescence studies of the G 2Σ+u ← X 2Σ+g band could be
performed to further characterize Al2+.

3.5 Images of Al+ Fragments
Photofragment images were recorded by tuning the photolysis laser to the energy
of a specific transition in the photodissociation spectrum and monitoring the Al+ product.
Under the conditions of this study, the photodissociation of Al2+ yields one ionized and
one neutral atomic aluminum fragment. It is usually preferable to detect the lighter
product of a dissociation event due to the improved resolution that it affords. However, a
common challenge encountered when imaging metal-containing systems is that the
heavier metallic fragment very often carries away the charge. Being a dimer cation, Al2+
has the benefit of comparatively good kinematics. The detected ion (Al+) departs with the
same transverse velocity as the cofragment (Al), reducing the relative kinetic energy per
pixel, thereby improving the resolution. The photon energy is not sufficient to produce
electronically excited Al+, so the detected fragment is always in its ground state (1S). For
brevity, the following text will discuss the possible photofragment channels only in terms
of the state of the neutral cofragment.
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3.5.1 Images from (C 2Σ+u ← X 2Σ+g)
The behavior of the C 2Σ+u state is further confirmed by imaging, which reveals a
single highly anisotropic (β=2) product channel (Figure 3.3) across the entirety of the
broad photodissociation spectrum (20,000 – 23,800 cm-1). The majority of the fragment
intensity in the images is located at the poles, indicating prompt dissociation via the
predicted parallel transition (C 2Σ+u ← X 2Σ+g). A transition to this unbound state yields
fragments in their ground electronic states that have a fair amount of KER. The
undetected cofragment, Al (2P◦), has two spin-orbit states split by 112 cm-1 that are not
resolved. Images of photolyzed Al2+ recorded at several wavelengths in this spectral
region give an average D0 of 138 ± 5 kJ/mol, which compares favorably with the
previous benchmark.13
It is worth noting that, at the peak of absorption for the C 2Σ+u ← X 2Σ+g transition
in Al2+, the total KER is nearly 12,000 cm-1 above the only accessible dissociation
threshold. Since the only remaining destination for that excess energy is in the form of
KER, the ring radii of images taken in this region are quite large. The measured KER is
proportional to the radius squared, so its error increases proportionally with the radius.
This highlights an inherent source of error in our, and indeed all, ion imaging
experiments in which the photolysis energy is significantly greater than the dissociation
limit of interest. For this reason, Al2+ was next imaged in the UV, where theory predicts
intense transitions to the G 2Σ+u state lie at energies that are much closer to those of
excited state product thresholds.
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3.5.2 Images from (G 2Σ+u ← X 2Σ+g)
Images recorded below 40,400 cm-1, like the one shown in figure 3.4, indicate that
Al2+ primarily dissociates to form ground state Al (2P◦) with a significant amount of KER.
These high velocity fragments likely form by coupling to, and rebounding off the
repulsive wall of C 2Σ+u. A minor channel at lower KER corresponds to production of Al
(2S), 25,348 cm-1 above the 2P◦1/2 ground state. Two possible mechanisms for this are:
tunneling through the barrier in the G 2Σ+u state at ~5 Å, or bypassing the barrier via
intersystem crossing to, and then back from, the c 4Πu state on either side of it. Although
the features in this region of the photodissociation spectrum are reproducible, they are
small, cluttered, and very difficult to characterize. Thus, imaging below 40,400 cm-1 is
not ideal for the determination of a precise bond dissociation energy.
Above 40,400 cm-1, where the transitions are more intense and relatively clean,
images reveal the production of spin-forbidden Al (4P) fragments. The photofragment
image shown in figure 3.5 is typical of images recorded above the energetic threshold for
Al (4P) products (40,479 cm-1). One can determine the relative product branching ratios
by calculating the integrated signal under each ring in an image. We find that Al (4P)
fragments account for no less than 90% of the total intensity in any image recorded above
the corresponding threshold. It is surprising that photodissociation favors spin-forbidden
products over the lower energy, spin-allowed pathways. We believe that the quartet
channel dominates because the populated vibrational wavefunctions of G 2Σ+u actually
have stronger coupling to the nearby barrier-less quartet potential (c 4Πu) via the spinorbit interaction than they do through relatively poor Frank-Condon overlap with directly
dissociative doublet states like C 2Σ+u, A 2Σ+u, or the repulsive side of the G 2Σ+u potential
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(r > 5.4 Å). Based on the calculated potential energy surfaces, it is expected that the Al
(2S) pathway will eventually dominate the Al (4P) channel when the excitation energy is
sufficient to overcome the aforementioned G 2Σ+u barrier (43,000 cm-1). Unfortunately,
the excitation energy required to surmount the barrier is above the range of this
experiment. The photofragment images of all product channels observed in the present
photodissociation range are isotropic, indicating that the dissociative lifetimes from the G
2 +
Σ u state

are consistently longer than the rotational period of Al2+.

It is worth comparing the electronic structures and spectroscopies of Al2+ with
those of neutral Al2 because the neutral has several states that behave similarly to those
probed by the current study. The potential energy surfaces that describe the 1,2, and 3 3Πg
states of the neutral exhibit behavior that closely resembles that of the C1 2Σ+u, G2 2Σ+u,
and G’3 2Σ+u states of the cation. In each case, state 1 is repulsive and is thought to
predissociate states 2 and 3. An avoided crossing between states 2 and 3 results in state 2
being skewed in the neutral and having two minima in the cation. State 3 also has an
anomalously high vibrational frequency in both cases. For both molecules, transitions
from the ground state to all three excited states (particularly state 2) are intense.21
However, there are interesting differences between the excited states of these two species
in their relative rates of radiative and non-radiative decay. For state 2 in Al2, quick (1-100
ps) radiationless decay into ground state Al fragments is predicted to dominate the
relatively lengthy (>100 ns) emission process.13, 21, 22 The short lifetime for this state is
consistent with its detection by absorption23 and not via REMPI.13 For Al2+ on the other
hand, the shorter calculated fluorescence lifetimes (~1 ns) and the photodissociation data
mentioned in section 3.4 point to a much more competitive radiative decay pathway.
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Another major benefit of imaging the fragments of Al2+ in this near-threshold
region is the minimal amount of extrapolation necessary to determine D0. A series of
images recorded in this region were analyzed for total KER and plotted as a function of
excitation energy. The resulting trend is shown in figure 3.6 and is the result of imaging
on transitions that are assigned to υ” = 0, so that the internal energy of the parent is well
known. The bond dissociation energy is determined by subtracting the total internal
energy of the relevant fragments24 from the y-intercept of the trendline. Using this
method, the bond dissociation energy of Al2+ (X 2Σ+g) is found to be 136.6 ± 1.8 kJ/mol.
The main contributor to the final uncertainty in D0 is our inability to resolve the three
spin-orbit states of Al (4P), which all lie within a range of 120 cm-1. As shown in table
3.1, our value is consistent with, but substantially more precise than the CID
measurement of Ingolfsson et al.12. It also confirms and improves upon the indirect
measurement of Fu et al.13 The D0 values obtained from ab initio calculations are in
excellent agreement with our VMI measurement, while DFT methods tend to
overestimate it.19 In addition, the bond dissociation energy of Al2+ can be used to
determine the bond strength of neutral aluminum dimer using the following equation:
𝐷0 (𝐴𝑙2 ) + 𝐼𝐸(𝐴𝑙) = 𝐷0 (𝐴𝑙2 + ) + 𝐼𝐸(𝐴𝑙2 )

(3.1)

Using the ionization energies (IE) determined by Harrington and Weisshaar,14 the
bond dissociation energy of the neutral is D0 (Al2)= 129 ± 6 kJ/mol. This refines the
neutral bond strength determined by Fu et al.13 through reanalysis of the original
Knudsen effusion data of Stearns and Kohl.15
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3.6 Conclusions
The photodissociation dynamics of Al2+ have been investigated by
photodissociation spectroscopy and photofragment imaging in the 20,000 – 23,800 cm-1
and 38,500 – 42,000 cm-1 ranges. These experiments are compared to theory at the EOMCCSD(full)/aug-cc-pVQZ and MRCI-F12/aug-cc-pVTZ levels in order to further
elucidate the complex nature of the aluminum dimer cation excited states. As expected,
the directly dissociative C 2Σ+u ← X 2Σ+g transition yields ground state photoproducts
with extreme parallel anisotropy and a large amount of KER. Calculations predict that the
G 2Σ+u potential energy surface has two minima due to an avoided crossing very close to
the geometry of the ground state. This behavior is manifested in the extremely
anharmonic photodissociation spectrum of the corresponding region. Analysis of
photodissociation spectra at various temperatures gives ν0 = 172 cm-1 for the ground state
(X 2Σ+g) and an average vibrational spacing of 170 cm-1 for the excited state (G 2Σ+u). The
relatively low photofragment yield from G 2Σ+u ← X 2Σ+g is explained by a likely
competition between relatively fast fluorescence and several different non-radiative
dissociation pathways. Photofragment images reveal that, once energetically accessible,
spin-forbidden Al (4P) products immediately dominate the lower energy Al (2P◦) and Al
(2S) channels. It is predicted that the G 2Σ+u state eventually correlates adiabatically to Al
(2S) products after a wide barrier at larger bond lengths. Thus, it is expected that the spinallowed Al (2S) channel will be favored over the Al (4P) pathway once the excitation
energy surpasses the barrier height. Analysis of the radial distribution of Al+ fragments
gives an improved experimental measurement of the bond strength of Al2+ (D0 = 136.6 ±
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1.8 kJ/mol). Combining this result with the ionization energies of Al and Al2 also refines
the bond strength of the neutral dimer (D0 = 136.9 ± 1.8 kJ/mol).
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Figure 3.1. Relevant MRCI-F12/aug-cc-pVTZ calculated potential energy surfaces for
excited states of Al2+ below 50,000 cm-1. The ground state (X 2Σ+g) is shown in blue. The
optically accessible ungerade doublet states are in red. Dashed lines represent Π states
and green lines represent quartet states. Aluminum photofragment thresholds are
indicated on the right; the fragment channels are labeled according to the resulting atomic
state of the neutral Al cofragment since Al+ remains in the ground state at all energies
reached in this study.
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Figure 3.2. Photodissociation spectrum of Al2+ in the G 2Σ+u ← X 2Σ+g transition region.
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Figure 3.3. Photofragment image of Al+ made by dissociating Al2+ at 23,669 cm-1 and the corresponding velocity distribution
converted to total kinetic energy release. The image shown has been top/bottom symmetrized with a center of inversion. Laser
polarization is vertical.
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Figure 3.4. Photofragment image of Al+ made by dissociating Al2+ at 39,703 cm-1 and the corresponding velocity distribution
converted to total kinetic energy release. The image shown has been top/bottom and left/right symmetrized. Laser polarization is
vertical.
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Figure 3.5. Photofragment image of Al+ made by dissociating Al2+ at 40,922 cm-1 and the corresponding velocity distribution
converted to total kinetic energy release. Laser polarization is vertical.
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Figure 3.6. Plot of excitation energy versus total kinetic energy release for several images
of Al+ products resulting from photodissociation of cold Al2+. The bond dissociation
energy (D0) of Al2+ is obtained by subtracting the known Al(4P) excitation energy from
the y-intercept of the linear fit.
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Table 3.1. Experimental and theoretical bond dissociation energies (D0) of Al2+ (2Σ+g).

D0 of Al2+ (kJ/mol)
87 ± 29
121 ± 35
129 ± 6
138 ± 5
136.6 ± 1.8
131
136
137
154
156
154

Experiment
CID 11
CID 12
Neutral D0 and IE with atomic IE 13
VMI (C2Σ+u ← X2Σ+g)(present study)
VMI (G2Σ+u ← X2Σ+g)(present study)
Theorya
CCD + ST(CCD) 25
MRCI 20
CCSD(T)/aug-cc-pVQZ 19
PBE0/aug-cc-pVTZ 19
M05/aug-cc-pVTZ 19
M06/aug-cc-pVTZ 19

a

De values obtained from theory were converted to D0 by subtracting a zero-point energy
of 1 kJ/mol
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CHAPTER 4
THE MANGANESE OXIDE CATION

4.1 Introduction
Transition metal oxide cations and their roles in catalytic activation have been the
subject of much experimental and theoretical research for several decades.1, 2 MnO+ is
known to activate C-H bonds efficiently,3 and the formation of methanol from its reaction
with methane is exothermic. Yet, unlike some other transition metal oxides, it mostly
reacts via hydrogen abstraction and its reaction with methane primarily yields MnOH+
instead of the more desirable methanol product.3-5 Uncertainty remains regarding the
precise electronic structure and properties of MnO+, which have proven to be quite
challenging to model theoretically.6 The computational difficulties associated with MnO+
arise from the highly multi-reference nature of the ground state and numerous low-lying
excited states. Density functional theory (DFT) approaches in particular are known to
produce highly variable results depending on the method and basis set used. Although all
recent high-level calculations agree that the ground state is 5, several older calculations,
even at levels as sophisticated as CASPT2D (complete active space, with second order
perturbation theory) predict that the ground state is 5+.3 Despite the computational
burden imposed by the presence of high-spin manganese, very high level electronic
structure calculations of MnO+ have been done by Miliordos et al.7 However, these
studies, while thorough, are limited in scope, and only consider a handful of excited
quintet states. On top of this, experimental studies of MnO+ are sparse and the
spectroscopy is virtually unknown. The bond dissociation energy was measured by
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Armentrout et al.8 using an ion beam technique (D0 = 239 ± 10 kJ/mol); a subsequent ion
beam measurement gave a substantially higher value (D0 = 285 ± 13 kJ/mol).9
Photofragment imaging has proven an effective way to determine bond
dissociation energies from less spectroscopically useful repulsive states. However,
imaging measurements tend to be more precise when taken closer to a corresponding
product threshold. Fortunately, it is expected that MnO+, like other transition metal
species, has a greater density of states near the higher energy thresholds of excited
dissociation products. In this study, we use theory at the TD-DFT, EOM-CCSD, and
MRCI level along with photodissociation spectroscopy and ion imaging in order to
explore the electronic structure and dynamics of MnO+. In section 4.3, we report the
photodissociation spectrum from 21,300 – 33,900 cm-1; it is quite structured and contains
transitions to several excited electronic states. Then, in section 4.4, photofragment images
recorded at multiple wavelengths near the first excited Mn+* (5S) + O (3P) threshold are
discussed. The kinetic energy release (KER) measured from these images allows us to
determine the bond strength of MnO+.

4.2 Methods
The experimental scheme used in the present study is described in detail in
Chapter 2. Manganese oxide cations are created by ablating a rotating manganese disc
with the second harmonic output of a Nd:YAG laser (Continuum Minilite II) in the
presence of a pulsed gas mixture (10% N2O in He). A buffer gas of pure helium was used
in the trap, as MnO+ is known to react rapidly with hydrogen.3 The proclivity of MnO+ to
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react with hydrogen and produce heavier species was, at times, used to help distinguish it
from the nearby MnOH+ and MnOH2+ peaks in the mass spectrum.
The ground and several excited electronic states of MnO+ were calculated using a
variety of electronic structure methods. Gaussian0910 was used for ground state
calculations at the density functional (B3LYP) and coupled cluster (CCSD and
CCSD(T)) level, as well as for excited state calculations using time-dependent density
functional theory (TD-DFT) and equations-of-motion CCSD (EOM-CCSD). Molpro11, 12
software was used for multi-reference configuration interaction (MRCI) calculations
analogous to those of Miliordos et al.,7 but seeking to characterize higher-lying states.

4.3 Theoretical Electronic Structure of MnO+,
The density functional and coupled cluster calculations predict that MnO+ has a
5

 ground state, in accord with recent high-level calculations. At the B3LYP/6-

311++G(3df,3pd) level, the ground state has re = 1.729 Å and a harmonic vibrational
frequency of e = 642 cm-1. The 5+ excited state is calculated to be only 1832 cm-1
higher in energy (Te), with a significantly shorter bond length of 1.586 Å and
correspondingly higher vibrational frequency of 926 cm-1. Results at the CCSD(T)/augcc-pVTZ level are similar, predicting re = 1.77 Å for the ground state and 1.612 Å for the
 excited state, with Te = 2155 cm-1. These results also agree with the calculations of

5 +

Miliordos et al.7 Their highest-level results (MRCI, with relativistic correction) predict
re= 1.700 Å and vibrational frequency of 610 cm-1 for the ground state, and re = 1.601 Å,
with e = 940 cm-1 for the 5+ excited state, which lies at 2337 cm-1. They also
recommend a dissociation energy D0 = 230 kJ/mol. The authors note that the ground state
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of MnO+ is not well described by a single electronic occupancy (it is
multiconfigurational), so it is somewhat surprising that all three methods produce such
similar results. Unfortunately, this agreement does not extend to the excited states.
Theoretical potential energy surfaces for the ground state of MnO+ and all quintet
excited electronic states below 30,000 cm-1 calculated using TD-DFT (B3LYP/6311++G(3df,3pd)) are shown in figure 4.1 and those calculated at the EOM-CCSD/augcc-pVTZ level are in figure 4.2. The results are quite similar. TD-DFT calculations using
the newer CAM-B3LYP and M06 density functionals also give very similar results. The
numbers below refer to the EOM-CCSD results. Two fairly intense transitions are
predicted in the visible/near UV. The repulsive 5- state is expected to give a broad
feature in the photodissociation spectrum, centered at a vertical energy of ~23,500 cm-1.
This repulsive state is the highest-energy quintet state calculated by Miliordos et al.7 The
excited 5 state has a very flat potential, with substantially longer bond length (2.0 Å)
than the ground state. This should lead to a long vibrational progression in the spectrum,
starting at ~26,000 cm-1. Transitions to these two states have integrated oscillator
strengths of f = 0.075 and f = 0.044, respectively. Comparison of our excited state
calculations to the MRCI calculations of Miliordos et al. reveals a clear discrepancy:
while our calculations reproduce potentials for states that correlate to ground state
products, they fail to show potentials that lead to Mn+* (5S) + O or Mn+* (5D) + O, which
lie 9,473 and ~14,500 cm-1 above ground state products, respectively. This is a wellknown issue with single-reference calculations.
MRCI calculations have been more challenging; they predict states that correlate
to Mn+* (5D) + O at some bond lengths, but not at others. Unfortunately, they also make
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different predictions regarding the spectrum. The transition to the repulsive 5- state is
predicted to be quite weak (f = 0.006). There are three 5 states with Te=24,500 - 28,500
cm-1, all with very similar bond lengths to the ground state. Transitions to these states are
also weak, with f ≤ 0.0005. These calculations are ongoing, but, in addition to a broad
absorption near 29,000 cm-1 they predict weak transitions to excited  states, with little
vibrational excitation.

4.4 Photodissociation Spectrum of MnO+
The photodissociation spectrum of MnO+ from 21,300 – 33,900 cm-1 was
recorded by scanning the photolysis laser energy and monitoring the resultant formation
of Mn+. Several such scans were averaged and divided by laser power and parent signal
to produce the spectrum shown in figure 4.3. The spectrum is dominated by a single large
feature at 27,240 cm-1 with no clear vibrational progression. Many far less intense peaks,
some with partially resolved rotational structure, can also be seen, mostly at higher
energies. There is also a very broad absorption of relatively low intensity underlying the
spectrum extending from 22,800 cm-1 to ~27,800 cm-1.
The presence of a single dominant peak suggests that the optically excited state
has a very similar geometry to that of the ground state. This feature also contains spinorbit structure, indicative of a transition to an excited state where Λ > 0. The
photofragment images on this peak, which will be discussed in detail in the following
section, imply that ΔΛ= 0 for the corresponding transition. Taken together, this
information confirms that the photofragment signal at 27,240 cm-1 is the result of a 5Π ←
5

Π transition. An expansion of this portion of the photodissociation spectrum is shown in
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figure 4.4. It is overlaid by a simulated spectrum made in pGopher.13, 14 Because ΔΛ= 0
for the transition, the peak spacing only yields the difference in spin-orbit splitting
between the two states. Fortunately, Miliordos et al. have also calculated a spin-orbit
constant (A= 42 cm-1) for the 5Π ground state, which the present theory confirms. Using
this value, we arrive at a spin-orbit constant of A= 22 cm-1 for the excited 5Π state based
on the spectral simulations. The simulated spectrum has a linewidth of 2 cm-1 due to the
lifetime of the excited state, which precludes measuring rotational constants.
The smaller peaks in the spectrum are difficult to characterize because the
predicted density of electronic states in the region is quite high. They could be due to
weak transitions to other quintet states or to spin-forbidden transitions. Miliordos et al.
predict several 3 and 3 states in this energy region, all with similar bond lengths to the
ground state. The broad, low intensity dissociation below the dominant 5Π ← 5Π
transition is likely the result of direct excitation to the repulsive 5- state predicted by
theory.

4.5 Images of Mn+ Fragments
MnO+ photofragment images were created by tuning the dye laser to several
locations in the photodissociation spectrum and gating the imaging detector on the timeof-flight peak corresponding to Mn+. The photofragmentation channels are discussed in
terms of the state of the Mn+ fragment; the energies remaining after photolysis are not
sufficient to electronically excite the neutral O (3P) cofragment.
The excitation energy of the dominant transition in the photodissociation
spectrum is too low to yield electronically excited Mn+ products so most of the excess
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energy is manifested as translational motion. Indeed, images taken at photon energies
ranging from 27,140 – 27,270 cm-1 (the peak of the spectrum) show fairly anisotropic (β=
0.6) product distributions with radii corresponding to ionized fragments with ~7,000 cm-1
of KER. For example, the velocity distribution shown in figure 4.5 is energetically
consistent with formation of Mn+ (7S) photofragments. The higher intensity fragment
signal is located at the north and south poles of the image. This vertical anisotropy
indicates that the orientation of the transition dipole moment is parallel with the electric
polarization vector of the photolysis laser, consistent with the 5Π ← 5Π transition
predicted by the calculations. The observed anisotropy parameter is positive (β= 0.6),
confirming a parallel electronic transition (ΔΛ= 0). However, it is below the limiting
value (β= 2.0), indicating that the molecular electronic state being accessed is not directly
dissociative, but is still shorter lived than a rotational period. This suggests that the
predissociative electronic state being excited in this region likely couples to a nearby
repulsive state, which yields ground state photofragments.
In order to more precisely measure the bond dissociation energy of MnO+, it is
advantageous to record images that are energetically close to a product threshold, where
photofragments have little kinetic energy (as shown in Chapter 3). The benefit of imaging
photofragments with low KER is the better energy resolution; less extrapolation is
required to calculate D0. Since no fragmentation is observed at the lowest energies in the
photodissociation spectrum, several images were recorded in the higher energy region ( >
30,000 cm-1), near the onset of Mn+* (5S) production. The image in figure 4.6 reveals the
production of both ground state Mn+ (7S) fragments (outer ring) as well as the higher
energy Mn+* (5S) channel (inner). The images recorded in this region are isotropic for
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each fragment channel, indicating that the photodissociation process takes longer than the
rotational period of the parent ion in both cases.
The bond dissociation energy of MnO+ is determined by analyzing the KER of
images recorded at multiple wavelengths. The total KER from each of the energetically
accessible dissociation pathways is plotted against the photon energy at which the
corresponding image was recorded (Figure 4.7). The full conservation of energy method
that is used to calculate the bond dissociation energy is described in detail in Chapter
2.2.5. Briefly though, the bond strength (D0= 242 ± 5 kJ/mol) is determined by
subtracting the total internal energy of the relevant fragments15 from the y-intercepts of
the linear trendlines. This value is compared with other published experimental and
theoretical values in table 4.1. The D0 reported here is in good agreement with the
original ion beam measurement of Armentrout et al.8 As for theory, even the highest level
ab initio results available7 underestimate the bond strength by 10 -15 kJ/mol, while DFT
methods tend to overestimate it in many cases.6, 16
MnO+ is a surprising challenge for theoretical assessment, and the success of our
own calculations is mixed. The broad absorption predicted to occur to the repulsive 5potential is present in the photodissociation spectrum. A single strong transition,
identified as 5Π ← 5Π, is also seen in the spectrum. The intensity of this transition agrees
with TD-DFT and EOM-CCSD calculations presented here. However, they both predict a
long vibrational progression which is not experimentally observed. The MRCI method
predicts excited 5Π states with similar geometries to the ground state, and hence, no
vibrational progression, but the transitions to these states are predicted to be quite weak.
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Overall though, the experimental and theoretical results presented here help to identify
where the strengths and weaknesses lie in each method.

4.6 Conclusions
Photofragment spectroscopy and ion imaging from 21,300 – 33,900 cm-1 has been
used to probe the bond dissociation energy and dynamics of MnO+. The experimental
results are compared to electronic structure calculations performed at the TD-DFT, EOMCCSD, and MRCI levels and to theoretical results available in the published literature.
The photodissociation spectrum displays a dominant feature centered at 27,200 cm-1. The
lack of a vibrational progression indicates that the excited state has a similar bond length
to the ground state. The presence of spin-orbit structure within this peak, along with the
vertical anisotropy of the corresponding photofragments indicate that the fragments result
from a predissociative 5Π ← 5Π transition. This finding experimentally confirms the
expected identity of the ground state (5Π) of MnO+ and, using the agreed upon theoretical
spin-orbit constant for the ground state, provides a spin-orbit constant (A= 22 cm-1) for
the 5Π excited state. Other features and progressions in the photodissociation spectrum
are much less intense, irregular, and difficult to precisely assign to theoretical electronic
potentials given the high density of electronic states in the region. Images at energies
above 30,000 cm-1 indicate the opening of a new photodissociation channel
corresponding to Mn+* (5S) + O (3P) fragments, which quickly dominates the Mn+ (7S)
ground state pathway. By photolyzing MnO+ at known energies and measuring the
corresponding kinetic energy releases from several photofragment images, we obtain the
bond dissociation energy of MnO+ (D0= 242 ± 5 kJ/mol).
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Figure 4.1. Potential energy curves for quintet states of MnO+ calculated using TD-DFT
with the B3LYP functional and 6-311++G(3df,3pd) basis set. Red lines represent excited
states reached through perpendicular (ΔΛ= ±1) transitions from the ground state (X 5Π).
A transition to the blue curve is parallel (ΔΛ= 0).
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Figure 4.2. Potential energy curves for quintet states of MnO+ calculated using EOMCCSD with the aug-cc-pVTZ basis set. Red lines represent excited states reached through
perpendicular (ΔΛ= ±1) transitions from the ground state (X 5Π). A transition to the blue
curve is parallel (ΔΛ= 0).
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Figure 4.3. Photodissociation spectrum of MnO+ from 21,300 – 33,900 cm-1.
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Figure 4.4. Photodissociation spectrum of MnO+ from 27,000 – 27,500 cm-1. The
simulated spectrum was made in pGopher assuming a (5Π ← X 5Π) transition between
states of the same geometry and where A (X 5Π)= 42 cm-1 and A (5Π)= 22 cm-1. The
simulated linewidth is 2 cm-1.
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Figure 4.5. Photofragment image of Mn+ made by dissociating MnO+ at 27,278 cm-1 and the corresponding velocity distribution
converted to total kinetic energy release. The image shown has been top/bottom and left/right symmetrized. Laser polarization is
vertical.
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Figure 4.6. Photofragment image of Mn+ made by dissociating MnO+ at 30,488 cm-1 and the corresponding velocity distribution
converted to total kinetic energy release. Laser polarization is vertical.
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Figure 4.7. Plot of excitation energy versus total kinetic energy release for several images
of Mn+ products resulting from photodissociation of cold MnO+. The bond dissociation
energy (D0) of MnO+ is obtained by subtracting the known threshold energies from each
y-intercept of the linear fits.
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Table 4.1. Experimental and theoretical bond dissociation energies (D0) of MnO+ (5Π).

D0 of MnO+ (kJ/mol)
239 ± 10
285 ± 13
242 ± 5
230 a
233
225
255
251
273 b

Experiment
Ion Beam 8
Ion Beam 9
VMI (present study)
Theory
C-MRCI+DKH2+Q 7
MRMP 16
IC-MRCI+Q 6
B3LYP 6
B3LYP 16
CASPT2D 3

a

The De obtained was converted to D0 by subtracting a zero-point energy of 3.6 kJ/mol.

b

The D0 obtained assumes a 5Σ+ ground state and not the 5Π ground state reported here.
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CHAPTER 5
CONCLUSIONS AND FUTURE DIRECTIONS

5.1 Conclusions
In summary, a new instrument is demonstrated that is capable of performing
velocity map imaging (VMI) experiments on the photofragments of cold, mass selected
ions in a fast ion beam. The ions are produced in a dual-purpose laser ablation/discharge
source and collisionally thermalized in a refrigerated (≥7 K) ion trap prior to
spectroscopy and imaging. The current resolution of the experiment (Δv / v = 7.6 %) and
the factors that contribute to it have been discussed in detail after analyzing the radial and
angular distributions of a number of photolysis products. Photofragment imaging of N2O+
indicates that photodissocation at 323 nm results in rotationally hot NO+ fragments with a
very specific vibrational population (υ = 5). Images of N2O+ photolysis at 310 nm
demonstrate competition between a spin-forbidden ground state product channel N(4S) +
NO+ and a spin-allowed excited state pathway N*(2D) + NO+, a finding that supports the
published literature.
The photodissociation dynamics and electronic state structure of Al2+ have been
investigated by photodissociation spectroscopy and photofragment imaging in the 20,000
– 23,800 cm-1 and 38,500 – 42,000 cm-1 regions. These experiments are compared to
theory at the EOM-CCSD(full)/(aug-cc-pVQZ) and MRCI-F12/(aug-cc-pVTZ) levels in
order to further elucidate the complex excited state structure of the aluminum dimer
cation. As predicted, the directly dissociative C 2Σ+u ← X 2Σ+g transition yields purely
ground state photoproducts Al (2P◦) + Al+ (1S) with limiting parallel anisotropy (β=2) and
significant kinetic energy release. The theory predicts that the G 2Σ+u potential energy
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surface has two minima with an avoided crossing near the vertical excitation from the
ground state. This behavior is manifested in the extremely anharmonic photodissociation
spectrum observed in the corresponding spectral region. Analysis of photodissociation
spectra at various temperatures gives ν0 = 172 cm-1 for the ground state (X 2Σ+g) and an
average vibrational spacing of 170 cm-1 for the excited state (G 2Σ+u). Photofragment
images reveal that Al (4P) products immediately dominate the lower energy Al (2P◦) and
Al (2S) channels once the high energy pathway is energetically accessible. The
calculations suggest that the G 2Σ+u state eventually correlates adiabatically to Al (2S)
products after a wide barrier at higher bond lengths. Thus, it is expected that the spinallowed Al (2S) channel will be favored over the Al (4P) pathway once the excitation
energy surpasses the barrier height. The radial distributions of Al+ fragments give an
improved experimental value for the bond dissociation energy of Al2+ (D0 = 136.6 ± 1.8
kJ/mol). The improved uncertainty of this value over that obtained from the C 2Σ+u ← X
Σ g transition (D0 = 138 ± 5 kJ/mol) highlights the improved resolution achieved from

2 +

imaging very close to a corresponding photoproduct threshold (low fragment kinetic
energy). The surprisingly low photofragment yield from the G 2Σ+u ← X 2Σ+g transition is
explained by a likely competition between relatively fast fluorescence and the previously
discussed non-radiative dissociation pathways.
Photofragment spectroscopy and ion imaging from 21,300 – 33,900 cm-1 has been
used to elucidate the bond strength and photodissociation dynamics of MnO+.
Experimental results are compared to electronic structure calculations performed at the
TD-DFT, EOM-CCSD, and MRCI levels and to theory available in the published
literature. Our calculations predict a weak optical transition from the 5Π ground state to a
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repulsive 5- excited state. Fragmentation from this transition is observed in the
photodissociation spectrum over a broad region beginning at 22,800 cm-1. The theoretical
methods also predict a transition to a bound 5Π state, though they tend to disagree on the
oscillator strength and exact geometry of the exited state. The photofragment spectrum
displays a dominant feature with spin-orbit structure centered at 27,200 cm-1. This
structure, along with the vertically anisotropic photofragments, experimentally confirms
the 5Π ← 5Π transition predicted by theory. The intensity of this transition agrees with
TD-DFT and EOM-CCSD calculations. However, they both predict a long vibrational
progression not seen in the spectrum. The MRCI method predicts that the 5Π state has a
much more similar geometry to the ground state, but the transition is thought to be
weaker. The spin-orbit constant (A = 22 cm-1) of the optically excited 5Π state is
determined from pGopher simulations using the aforementioned spin-orbit structure and
the previously calculated spin-orbit constant of the ground state. The other less intense
features and progressions in the photodissociation spectrum of MnO+ are irregular and
difficult to identify given the high predicted density of states in the region. Photofragment
images recorded at excitation energies above 30,000 cm-1 indicate the presence of a
higher energy photoproduct channel corresponding to Mn+* (5S) + O (3P) fragments,
which quickly dominates the Mn+ (7S) ground state pathway. By photolyzing MnO+ at
several energies and measuring the kinetic energy releases from several corresponding
photofragment images, we obtain a new bond dissociation energy for MnO+ (D0 = 242 ±
5 kJ/mol). This value refines the previously published experimental and theoretical
results.
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5.2 Future Directions
The metal-containing ions presented in this study were chosen as fundamental
examples of computationally difficult systems that also lack a solid base of experimental
benchmarks. They represent seemingly simple diatomic systems that are well suited for
study using the newly constructed fast ion photofragment imaging mass spectrometer.
There are many other metal dimer and metal oxide ions that fall into the same vein. Not
to mention the numerous other small ligand/metal combinations, whose experimental
photochemical properties need to be understood as we advance toward more and more
accurate theoretical models of metal chemistry. It is important that future photofragment
imaging work continue to focus on the lesser studied metal-containing species, not only
on metal dimers and oxides, but also on slightly larger metal clusters and ligated metal
centers.
There are several promising species that are suggested for immediate future study.
The nickel oxide cation (NiO+), like MnO+, is known to exothermically activate C-H
bonds. However, NiO+ has proven to be a far more efficient catalyst for the methane to
methanol conversion process. NiO+ is virtually 100% selective in producing the more
desirable methanol product from its reaction with methane, orders of magnitude better
than MnO+. In exchange, it is only about half as reactive as MnO+ . There are also fairly
large discrepancies in the few available experimentally determined bond dissociation
energies of NiO+. Understanding the photodissociation dynamics of NiO+ would also be
an important part of clarifying its promising catalytic behavior. The nickel oxide cation is
therefore a logical next step for photofragment imaging. The production of NiO+ should
be facile; ablating a nickel disc in the presence of an oxidizing agent like N2O should be
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sufficient to generate plenty of parent ions. It also helps that Ni+ has well separated spinorbit states, which should be resolvable even after combining with each J-state in the
oxygen cofragment.
In general, there are several ligated transition metal species that represent steps in
the process of catalytic activation. The bond strengths of many metal-carbenes and metalcarbonyls have not been accurately measured and they would be good candidates for
photofragment imaging studies. Those species with few low-lying electronic states are
traditionally troublesome for study via thermodynamic dissociation onset spectroscopy.
They are, however, good candidates for photofragment imaging given that their product
states are sufficiently separated.
Finally, it is suggested that photofragment imaging studies continue on metalcontaining systems that are analogous to the aluminum dimer cation presented here.
Other group 13 metal dimers and trimers have been extensively theoretically studied as
they relate to the chemical trends of increasing cluster size. However, they also suffer
from lack of experimental benchmarks. These clusters are excellent fits for
photofragment imaging studies because transitions involving their few valence electrons
are relatively easy to identify and, in many cases, will result in photodissociation to well
separated fragment states. The small and intermediate sized clusters have been observed
to occasionally dissociate by ejecting a single charged metallic fragment, while the
bulkier cofragment remains neutral. Such cases are examples of systems with outstanding
kinematics, and would result in significantly improved energy resolution at the imaging
detector.
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Ultimately, there are inherent resolution limitations associated with imaging the
photofragments of ions with a large number of degrees of freedom. However, there are
still many things that are poorly understood about bonding between metallic elements in
smaller molecules and ions. Imaging the photofragments of fast ions beams should
continue to be a valuable technique in the continuing quest to elucidate these most
fundamental chemical interactions.
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